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REMARKS/ARGUMENTS 

Status of the Claims 

Claims 1-17 are pending. Claims 5-9 and 16 are withdrawn. Claims 1-4, 10-15 
and 17 are rejected. 

Claim 3 has been amended to correct a typographical error. Support for the 
amendment can be found in the claims as filed. 

Claim 1 1 has been amended for form. As no new matter has been added, entry of 
the amendment is respectfully requested. 

Reconsideration is respectfully requested. 

Priority 

The Examiner denied the claims priority to US Application 60/063,328 filed 
October 27, 1 997, and has instead given the claims earliest priority to US Application 
60/201,817 filed May 4, 2000. Applicants disagree that the claims are not entitled to the 
filing date of US Application 60/063,328 for the reasons stated in the amendment filed 
December 10, 2007. Applicants reserve the right to petition the Examiner's findings 
regarding priority. 

Claim Rejections under 35 USC 102(e) 

The Examiner has rejected claims 1-4, 10-15 and 17 under 35 USC 102(e) as 
allegedly anticipated by Snow et al., US Patent 5,932,188. Applicants disagree. 

"A claim is anticipated only if each and every element as set forth in the claim is 
found, either expressly or inherently described, in a single prior art reference." MPEP 
2131 (citing Verdegaal Bros. v. Union Oil Co. of California, 814 F.2d 628, 631, 2 
USPQ2d 1051, 1053 (Fed. Cir. 1987)). 

Snow does not anticipate the claims in part because it does not disclose the recited 
agents, which would render the methods of Snow unsuitable for their intended purpose. 
Snow is directed to "targeting polymers useful in therapeutic and diagnostic imaging 
compositions and methods." Snow, col. 1, lines 22-23. Snow mentions that "the polymer 
of the invention" can be used for enhancing contrast in "MR imaging," which requires a 
paramagnetic metal ion. Snow, col. 8, lines 51-65. Snow thus only generally discloses 
that the polymers may be useful for "MR imaging" or "diagnostic imaging." The 
polymers that are useful for the purposes of "diagnostic imaging" are those that are 
always "on", i.e., the agent must have at least one coordinated water molecule in 
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exchange with the bulk solvent to produce contrast in an image. See Caravan et al.. 
Journal of the American Chemical Society, 2002, 124(12): 3152 (attached as Exhibit A) 
and Specification, TI| 39 & 40. Thus, for example, in claim 14, Snow discloses a first step 
of administering to a body a "contrast enhancing amoimt" of polymer, and without more 
a second step of "then exposing said body to a magnetic resonance measurement step to 
derive an image." This requires that the polymer be always "on" in order for there to be 
detection. By contrast, the present claims are directed to a method in which one step 
comprises administering an MRl agent comprising a paramagnetic metal ion that is 
coordinatively saturated by a chelator and a therapeutic blocking moiety. Thus, imless 
and until the therapeutic blocking moiety is cleaved, the MRI agent is "off," i.e., no 
contrast between the agent and the surrounding environment is detected. The method of 
the instant claims utilize an MRl agent that is at least initially "off and undetectable, 
whereas Snow requires "contrast enhancing" polymer that can be detected without more 
from exposure to a magnetic resonance step, i.e., an "on" agent. Snow therefore does not 
teach the "off MRI agent of the present claims, since such MRI agents, if used in the 
methods of Snow, would not be detectable and hence render those methods of "diagnostic 
imaging" imsuitable for their intended purpose. 

Snow makes no explicit teaching of the agents recited in the claims. For example, 
claim 1 recites an activatible MRI agent comprising a chelator and a paramagnetic metal 
ion that is coordinatively saturated by said chelator and a therapeutic blocking moiety 
covalently attached to said chelator. Nowhere does Snow disclose an activatible MRl 
agent thai has this structural limitation. While Snow discloses that a "cytotoxic agent" 
may be covalently bonded to the disclosed polymers. Snow does not disclose that a 
cytotoxic agent is a therapeutic blocking moiety. As disclosed in paragraph 1 1 0 of the 
specification. 

By "therapeutic blocking moiety" or grammatical equivalents herein is 

meant a moiety with several essential functions. First, some 
component of the therapeutic blocking moiety must be capable of 
substantially inhibiting the exchange of water in at least one inner 
coordination site of the metal ion of the metal ion complex. 

Snow does not teach any activatible MRI agent having this structural feature. 

Snow further does not inherently disclose a chelator comprising a therapeutic 
blocking moiety. "In relying upon the theory of inherency, the examiner must provide a 
basis in fact and/or technical reasoning to reasonably support the determination that the 
allegedly inherent characteristic necessarily flows firom the teachings of the applied prior 
art." MPEP 21 12(IV) (citing Ex parte Levy, 17 USPQ2d 1461, 1464 (Bd. Pat. App. &. 
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Inter. 1990) (emphasis in original)). It was known at the time of invention that a moiety 
could be bonded to a metal ion chelate such that the metal ion would not be 
"coordinatively saturated" by both the chelator and the bonded moiety. In other words, 
assuming for the sake of argument that Snow does disclose a therapeutic moiety that is 
covalently bound to the chelator, Snow does not necessarily disclose that a covalently 
attached moiety is a blocking moiety. As evidence. Applicants note that in Caravan, Chart 
1 shows two compounds, MS-325 and Compound 5, in which a diphenylcyclohexyl 
moiety is attached to a metal ion chelate. As can be seen in both compounds, the metal 
ion is coordinatively saturated by the chelator alone or by the chelator with an additional 
water molecule. In both compounds, the covalently attached moiety does not coordinate 
or block water exchange with the metal ion at all. Thus, it is possible to attach to a 
chelator a moiety that does not coordinate or inhibit water exchange with a metal ion. 
Since Caravan shows that a chelator moiety does not necessarily coordinate or inhibit 
water exchange with the chelated metal ion, one of skill in the art would not recognize 
that the cytotoxic agent taught by Snow would necessarily coordinate or inhibit water 
exchange with the metal ions disclosed therein. Snow therefore does not disclose 
explicitly or inherently the MRI agent comprising a therapeutic blocking moiety as 
recited in the claim. 

The Examiner also states that "the recitation of such functional properties, such 
as a decrease in the Ti of the MRI agent, must also necessarily occur, since the same 
compositions must have the same properties," Applicants disagree. As argued above. 
Snow does not teach "the same compositions" because Snow does not disclose an 
activatible MRI agent comprising a chelator and a paramagnetic metal ion that is 
coordinatively saturated by said chelator and a therapeutic blocking moiety covalently 
attached to said chelator. Since Snow does not disclose the structure in step (a) of the 
claim. Snow does not disclose the functional properties associated with the structure. 

Snow does not anticipate the claims because the reference does not disclose the 
activatible MRI agent and its functional properties as recited in the claims. Furthermore, 
Snow would not use and hence disclose the agents recited in the claims, since such agents 
would render the methods of Snow unsuitable for their intended purpose. Withdrawal of 
the rejection is respectfially requested. 

Conclusion 

In view of the foregoing, Applicant believes all claims now pending in this 
application are in condition for allowance. The issuance of a formal Notice of Allowance 
at an early date is respectfully requested. 
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If the Examiner believes a telephone conference would expedite prosecution of 
this apphcation, please telephone the undersigned at 415-442-1379 (direct line). 

While Applicant believes that no fees are due at this time, the Commissioner is 
hereby authorized to charge any such fees, including extension fees, or any other relief 
that may be required, in connection with this reply to Deposit Accoimt 50-03 10 (Attorney 
Docket No. 068269-5002-US02). 

Respectfully submitted, 

MORGAN LEWIS & BOCKIUS LLP 



Date:_ 

Customer No. 6^: 
MORGAN, LEWIS & BOCKIUS LLP 
One Market, Spear Street Tower 
San Francisco, CA 94105 
Telephone: 415.442.1000 
Facsimile: 415.442.1001 
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Abstract: MS-325 is a novel blood pool contrast agent for magnetic resonance Imaging currently undergoing 
clinical trials to assess blockage in arteries. MS-325 functions by binding to human serum albumin (HSA) 
in plasma. Binding to HSA serves to prolong plasma half-life, retain the agent in the blood pool, and Increase 
the relaxation rate of water protons in plasma. Ultrafiltration studies with a 5 kDa molecular weight cutoff 
filter show that MS-325 binds to HSA with stepwise stoichiomet/lc affinity constants (mM"'') of Kai = tl.O 
± 2.7, Ka2 = 0.84 ± 0,16, K^s = 0.26 ± 0.t4, and Ka4 = 0.43 ± 0.24. Under the conditions O.t mM MS- 
325, 4.5% HSA, pH 7.4 {phosphate-buffered saline), and 37 "C, 88 ± 2% of MS-325 is bound to albumin. 
Fluorescent probe displacement studies show that MS-325 can displace dansyl sarcosine and dansyl-u- 
asparagine from HSA with inhibition constants{/<;)of 85± 3,iiM and 1500 ± 850 i;M, respectively; however, 
MS-325 is unable to displace warfarin. These results suggest that MS-325 binds primarily to site II on 
HSA. The relaxivity of MS-325 when bound to HSA Is shown to be site dependent. The Eu(lll) analogue 
of MS-325 is shown to contain one inner-sf^ere water molecule In the presence and in the absence of 
HSA. The synthesis of an MS-325 analogue, 5, containing no Inner-sphere water molecules is described. 
Compound 5 is used to estimate the contribution to relaxlvity from the outer-sphere water molecules 
surrounding MS-325. The high relaxlvity of MS-325 bound to HSA is primarily because of a 60- tOO-fotd 
Increase In the rotational correlation time of the molecule upon binding (tr = tO. t ± 2.6 ns bound vs t15 
ps free). Analysis of the nuclear magnetic relaxation dispersion ( Ti and Tz) profiles also suggests a decrease 
in the electronic relaxation rate (I/Tib at 20 MHz = 2.0 x tO* s"'' bound vs t.t x tO^ s-i free) and an 
increase in the inner-sphere water residency time (t™ = 170 ± 40 ns bound vs 69 ± 20 ns free). 



Introduction 

Magnetic resonance imaging (MR]) contrast agenls are unique 
diagnostic drugs which alter water proton relaxalion times of 
tissue and increase contrast between normal and abnormal 
structures on MRI scans. While early contrast agents were 
simple chelates of gadolinium, more recent attempts have 
involved targeting the agents to paiticular binding sites in vivo 
and exploiting the unique biophysical properties inherent in the 
electron— nuclear interaction.' The most important of these 
features is the dependence of water relaxation on the rotational 
correlation time of a metal complex. Theory and early results 
with metal ions bound lo proteins suggest thai an increase in 
relaxivity could be obtained by protein— chelate binding.'-- The 
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coupling of this biophysical trick with retention in a particular 
tissue, by virtue of the binding, provided a unique way (o 
increase contrast. MS-325 is the first representative member of 
this class of agents targeted lo the vasculature.^''' 

Gadolinium(lll) complexes function as contrast agents by 
shortening the T\ of water protons wherever the complex 
localizes. In a Ti -weighted MR image, water molecules with 
the shortest T\ will give the largest signal. Consequently, areas 
of the body containing contrast agent will appear as bright 
regions in an MR image. 

All Gd{III) complexes used as conlrasi agents contain a 
common structural feature: at least one coordinated waler 
molecule. The Gd(III) complex acts as a catalyst to relax bulk 
water by providing efficient relaxation of the coordinated watei' 
molecule. As this water molecule is in fast exchange with the 

(2) LuufTer, R, B. Cl:er,:. Rce. I9S7, S7. 90l-')27. 

(3) Parnielee, D. J,; Walovitcb. R. C; Ouellet. H, S.: LaiilTer. R. B. ^ircv/, 
RaJiU 1997, 32. 741-747. 

(4) Laufltr, R. I).; Parnielee, D. J.; Duuliain, S. U ; Ouellet. H. S.; Dolan. R. 
P.; Witle, S.; MoMuny, T. J.; Walovilch, K. C. RiiJiotogy mS, 21)7, 529- 
538. 



3152 VOL. 124. NO. 12, 2002 ■ J. AM. CHEM. SOC. 



10.1021/(a017168K CCC: $22.00 © 2002 American Chsmical Socisly 



Interaction ot MS-325 wilh Human Serum AJbumin 



A R T I CLES 





bulk, the net effect is an increase in the relaxation rale of built 
water molecules, which is dependent upon the gado!inium(l!!) 
concentration, the rate of water exchange, and the rate of 
relaxation of the protons on the coordinated water molecule. 
This is oflen referred to as inner-sphere relaxation because it 
arises from a water molecule in the fust coordinaiion sphere. 
There is also a relaxation enhancement provided by the 
paramagnetic molecule to water molecules which arc diffusing 
close to the Gd(III) ion, and to those which occupy the "second 
coordination sphere"; these relaxation mechanisms arc different 
but are often grouped together as outer-sphere relaxation. For 
the commercially available exiracelkilar contrast agents, the 
observed relaxation enhancement arises from similar outer- and 
inner-sphere contributions. The degree of relaxation enhance- 
ment provided by the paramagnetic ion, normalized to I mM, 
is commonly referred to as rclaxivity. ri and r^, where n refers 
to longitudinal and 1-2 to transverse relaxivity, respectively (eq 
1). 



(i/r,u = (i/7',)^ 



'diamagnciic 



rJGd] 



= 1,2 (1) 



To effect relaxation of a coordinated water proton, a local 
fluctuating magnetic field is required. The gadolinium(Ill) ion 
with its seven unpaired electrons is well suited to this task. The 
rate at which this magnetic field fluctuates depends primarily 
on the rate at which the complex rotates and the ra(e of 
relaxation of the unpaired/ electrons. The faster of the two rales 
will dominate the relaxation enhancement process. Gd(IH) has 
a .symmetric electronic ground state, '^S, which results in a 
relatively slow electronic relaxation rate, especially compared 
to the other lanthanide{lll) ions. For clinically approved contrast 
agents, it is primarily the rate of rotation which determines the 
degree of relaxation enhancement at clinical imaging field 
strengths. 

Proton relaxation will be optimum when the fluctuating 
magnetic field is in resonance with the proton Larmor frequency. 
For clinical imaging fields which range from 0.5 to 1.5 T, this 
corresponds to Larmor frequencies of 20—65 MHz. Gd(IIl) 
chelates used clinically have rotational frequencies in the 1—2 
GHz range. The current generation of contrast agents has far 
from optimal relaxation enhancing properties because of the fas( 
rate of molecular rotation. 

It was recognized early on that slowing down molecular 
tumbling would increase relaxivity.-''* Recent approaches for 



5 Na2[Gd(DTPA)(H20)] 

= 0 q = l 

high-relaxivity agents have involved the incorporation of Gd- 
(III) chelates into high-niolectilar-weight structures— either 
natural " or synthetic'"' polymers or dendrimers. In 
these instances, the relaxivity increase is realized by increasing 
the number of nd(lH) ions per molecule and by slowing down 
rotation as a result of increased molecular weight. Increases in 
relaxation per gadolinium are generally not as great as would 
be expected on the basis of molecular weight because of fast 
segmental motions within the polymers.' 

An alternate to the macromoleeular approach is the so-called 
receptor-induced magnetization enhancement (RIME) strat- 
cgy. The RIME method involves targeting a small Gd(IIl) 
complex to a particular protein. Binding to a maeromolecule 
causes an inerca.sed concentration of the Gd(lll) complex in the 
area of the receptor molecule, giving selective enhancement of 
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the target relative to background. Unlike other imaging modali- 
ties such as X-ray and nuclear, binding also increases the signal 
observed (relaxation enhancement) because the Gd{IlI) complex 
now tumbles al a rotational rate that is similar to that of the 
target molecule. Sinee the relaxivity inereasc only occurs upon 
binding, there is the additional advantage of an improved target- 
to-background ratio. 

MS-325 (Chart 1) is the first RIME contrast agcnt^ * designed 
to image the blood pool by exploiting noncovalcnt binding to 
the plasma protein human serum albumin (HSA). This interac- 
tion limits the amount of free drug, which can cxtravasate from 
the blood pool into nonvascular space and provides selective 
vascular relaxation rate enhancement. HSA, which constitutes 
about 4.5% of plasma (~0,67 niM), is a large (67 kDa) globular 
protein that is known to bind a variety of molecules (drugs, 
metabolites, fetty acids) at different sites on the protein.^* 
Relaxation enhancement of water protons with MS-325 is much 
greater in plasma or in HSA solution than in pure water. Strong 
binding to albumin also reduces the fraction of free chelate 
available for glomerular filtration in the kidneys, thus slowing 
the renal excretion rate and contributing to an extended blood 
half-life. The result of this is a longer time period for imaging, 
which allows the radiologist to perform multiple imaging 
experiments and to image under steady-state conditions. MS- 
325 is currently undergoing Phase III clinical trials for imaging 
arteries and veins. 

From the biophysics perspective, increasing the rotational 
correlation time unmasked the contributions from other param- 
eters such as electronic relaxation and the water residency time. 
Although relaxivities have been reported, there have been few 
systematic studies to measure each of these paranieters under 
physiologically relevant conditions. 

The purpose of this paper is to identify and quantify the 
faclors which contribute to the high relaxivity of MS-325 when 
it is bound to HSA. Do parameters such as water residency time 
and electronic relaxation also change upon binding, and if so, 
how do they influence relaxivity? First, the binding of MS-325 
to HSA has been investigated by direct (ultrafiltration) and 
indirect (relaxivity) methods over a wide range of protcin-to- 
drug ratios. Establishment of binding constants of MS-325 to 
HSA allows the choice of conditions whereby one MS-325 
molecule is bound predominantly to a single site on HSA, Under 
these conditions, information on the parameters influencing 
relaxivity can be gleaned. To this end, variable-temperature and 
variable-magnetic-field 'H and '^O T] and Ti relaxation 
measurements have been performed on MS-325 in the presence 
and in the absence of HSA. A related compound, 5 (Chart 1), 
has been prepared which contains no coordinated water mol- 
ecules; this sei-\'es as an important outer-sphei'e control. 
Fhioresccncc lifetime measurements on the Eu(Ill) analogues 
of MS-325 in tlic presence and in the absence of HSA establish 
the inner-sphere hydration number, q, of the complexes. 

Results and Discussion 

Relaxation Enhancement. Proton relaxation rates were 
measured for MS-325 in the presence and in the absence of 



(2fi) Jenkim, B. G.; Amistrung, E.; Lauffer, R, B. Magn. Resoii. Med. 1991, 
17, 164-178. 
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0 5 10 15 20 25 30 36 40 
(HSA]/[MS-325[ 

Figure 1. e" versus lHSA]/[MS-325] al 37 °C in phosphare-buffercd saline 
(pH 7.4) for a 0.1 mmolal solulion of MS-325 and 0-22.5% w/v HSA al 
20 MHz (■) and 64.5 MHz (•). 

HSA at 20 and 64.5 MHz (0.47 and 1.50 T, respectively) at 37 
"C. It was previously shown that the observed relaxation rate 
increases as .N4S-325 is added to a 4.5% solution of HSA or to 
a solution of phosphaie-bulTered saline.'' The relaxation rate 
increase is much larger in the presence of HSA, and the 
relaxation rate does not increase linearly with concentration, 
indicative of protein binding,-'* To demonstrate the extent of 
relaxation enhancement, an e* titration is shown in Figuic 1. 
Here, the ralio of paramagnetic relaxation rates in the presence 
and in the absence of HSA is plotted versus increasing HSA/ 
MS-325 ratio, eq 2, for a constant molal conceniration of MS- 
325, There is a 9-fold increase in relaxivity at 20 .MHz upon 
binding to HSA and a 5-fold increase at 64 MHz. 

_ (l/7'i)"bf - (I/r|)dif _ (»//7'i)pr 

Albumin Binding. Before the nature of the protein-bound 
relaxation enhancement can be understood, the noncovalcnt 
interaction between MS-325 and HSA must be explored. 
Protein— complex binding was determined by ultrafiltration 
across a membrane with a MW 5000 cutoff The amounts of 
unbound MS-325 and total MS-325 were measured directly by 
ICP-MS. The extent of binding of MS-325 to HSA is shown in 
Figure 2. The total chelate concentration ranged from 0.05 to 
5.3 mM while the protein concentration was fixed at 4.5%. 
Under these conditions, the percent bound to HSA ranged from 
88 to 37%, respectively. The data are presented in Figure 2 as 
a plot of the ratio of bound MS-325 per HSA molecule («) 
versus the conccntralion of unbound MS-325. It is clear from 
Figure 2 that n increases steeply as the molar concentration (on 
a logarithmic scale) increases. It is apparent that at higher free 
MS-325 concentrations, n would increase welf above 3 equiva- 
lents bound MS-325 per HSA. A complete binding curve would 
show an inflection and then reverse its slope so that ultimately 

(29) I>wek, R, A. Kaclear Magiielic Resmance (N.M.R.) in BioJicmislnr, Oxford 
Univcisily Pruss: Oxford, 1973. 
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Table 1. Stepwise Association Constants for the Binding of 
MS-325 to HSA in PBS at 37 "C^ 



a saturation plateau would appear. The value at which « reaches 
a plateau would give the total number of occupied sites on HSA 
when it is saturated with MS-325. Under the conditions 
employed herein, this plateau cannot be determined. 

Nevertheless, one can evaluate binding constants for the 
earliesf steps, particularly if a classical stoichiometric model of 
the equilibria is used. For the following stepwise equilibria, 

MS-325 + HSA (MS-325)HSA; 

^ _ [(MS-325)HSA] _ 



MS-325 + (MS-325)HSA — (MS-325)2HSA; 

[(MS-325)2HSA] 



[MS-325][(MS-325)HSA] 



MS-325 + (MS-325)2HSA (MS-325)3HSA; 

[(MS-325)3HSA] 



[MS-325][(MS-325)2HSA] 



(5) 



MS-325 -I- (MS-325)3HSA — (MS-325)4HSA; 

[(MS-325)4HSA] 

" [MS-325][(MS-325)3HSA] ^ ' 

the function w can be expressed in terms of these four association 
constants, eq 7, where F represents the concentration of free 
(unbound) MS-325. The experimental binding data were fit to 



(7) 



eq 7, and the stoichiometric binding constants Ki, AT], and K4 
were evaluated (Table 1). In the fitting, A'l was fixed to 1 1.0 
mM"'. This value was chosen based upon 36 data points (Table 
SI) collected in the range 0.003 < F < 0.0\5 mM, since in the 



11,0(2.7) 
0,84 (0,16) 
0,26(0,14) 
0.43 (0.24) 



24.0 (0.6) 
17.5 (0.3) 
14.3(1.2) 
15.6(2.1) 



subdomain IIA capable 
including warfarin and 
proposed that there are 
regions, Yamasaki ct al 



" Numbers in parentheses represent 3o. 

limit — 0, n/F^ ^'ai -^" Table 1 also gives the corresponding 
free energy changes of binding, AG\. It should be explicitly 
stated that the stoichiometric constants in Table 1 are not site 
binding constants, k-,. The latter cannot be addressed without 
additional molecular information, 

Sudlow and co-workers identified two sites on HSA which 
bound a variety of drugs, and these were denoted site I and site 
that site 1 is a large site existing on 
f binding a diverse range molecules 
alicylale. Within site 1, it has been 
al least three partially overlapping 
" suggest using warfarin, dansyl-L- 
asparagine (DNSA), and n-butyl ;j-aTninobenzoate as fluorescent 
probes of these site 1 regions. Site II, located on subdomain 
IIIA, binds diazepam, ibuprofcn, and naproxen among other 
drugs,^**'^-* Dansylsarcosine has often been used as a fluorescent 
probe of site 11.'^ 

The cffcel of incremental additions of MS-325 to solutions 
containing equal amounts of a fluorescent probe (either warfarin, 
DNSA, or daiisylsarcosine) and HSA was studied by monitoring 
the change In fluorescence with added MS-325. These probes 
only fluoresce when they are bound to HSA, and a decrease in 
fluorescence is taken as displacement by MS-325. The data for 
these probe displacement studies are sumrjiarized in Figure 3. 
The graph shows probe displacement for three separate experi- 
ments; i.e., only one tluorophore is present during each titration. 
Tlie decrease in fluorescence intensity, expressed as a percentage 
of initial fluorescence, is plotted as a function of the amount of 
MS-325 added. If is clear that MS-325 is most effective at 
displacing dansylsarcosine, the site II probe. lVIS-325 is a weak 
displaeer of DNSA. Warfarin (5 fiM) shows no sign of 
displacemenl from HSA (5 //M) by MS-325 at MS-325 
concentrations out to 400 //M. This suggests that MS-325 binds 
primarily to site II and has a lower affinity for site 1. 

The probe displacement data can be fit to obtain an inhibition 
equilibrium constant, A'„ which reflects the affinity of MS-325 
for a given probe's binding site (Table 2), The model used 
ignores MS-325 binding to sites other than that occupied by 
the probe: the effect that tliis may have on the affinity of USA 
for the probe when a molecule of MS-325 is bound elsewhere, 
or the effect it may have on the site affinity for MS-325 when 
a molecule of MS-325 is already bound elsewhere, is not 
addressed. Despite these caveats, it is interesting to note that 
the affinity for the dansylsarcosine site (site II) Is similar to die 
first stoichiometric equilibrium constant. This suggests that at 

(30) Klolz, I. M. Ligaiid Receptor Energelics— A Guide for the Perplexed; John 

Wiley & Sons: New York, I9K7. 
t3l) Sudlow, C; Birkcll, D, J.; Wade, D. N. M<,l. Pharmacol. 1975, //, 824- 

832. 

(32) Sudlow, G.; Birkett, D. J.; Wade, D, N, Mol. fharmacol. 1976. 12, 1052- 

(33) Yamasaki, K.; Maniyaina, T,, Kragh-I tansen, U,i Olagiri, M. Binchim. 
Biirphys. Ada 1996, 1295. 147-157. 

(34) He, X. M.; Carter. D. C. NaUirn 1992, 35H, 209-215, 
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Figure 3. Summary plot of displacement of fluorescent probes dansylsar- 
eosinc (•, 5 /<M), dansyl-L-asparagine (■, 1 5 ^M), and warfarin (*, 5 //M) 
from cquimolar HSA by MS-325 at 37 °C, phosphate-buffered saline, pH 



Figun 4. Mean bound rclaxivity at 20 MHz (•) and 64.3 MHz (■) versus 
lotal MS-325 eoneontration at 37 °C, in 4.5% (w/v) HSA, phosphale- 
buffcred saline, pH 7.4 solulion. 

Table 3. Tib for MS-325 as [MS-325]itBa - 0 







e dansyl-asparagsne 




MS-325 


85 (3) 


1500 (850) 


no displacement 


5 


62(10) 


1500(1060) 


1260(530) 


"Numbers 


in parentheses 


reprcseni 3a. 





low concentrations of drug, MS-325 will be primarily bound 
to this iiigh-affmity site (site H). 

There have been two recent reports on the interaction of MS- 
325 with HSA.^--* In both reports an association constant was 
estimated from relaxation rate enhancement data assuming a 
model where there is only one binding site. The A'ai measured 
directly in this study using classical binding techniques is 
intermediate between the values determined indirectly in the 
previous two rcpoils. 

Site-Dependent Relaxivity. The combination of binding plus 
proton relaxation rate enhancement data provides a unique 
opportunity to evaluate the dependence of site occupancy on 
relaxivity. One can define an average bound relaxivity, fjb, 
which is analogous to n, eq 8. For the ultrafiltration binding 



- [MS - 325]r,f 



[MS - 325], 



(8) 



experiment summarized in Figure 2, 'H relaxation rates were 
measured at 20 MHz. Since ihc concentrations of MS-325 free 
and bound to HSA are determined by the ultrafiltration 
experiment, and the relaxivity of MS-325 free, rif, is known, 
then tlie flinction rib can be calculated. Figure 4 shows the mean 
bound relaxivity as a function of total MS-325 concentration 
in the presence of 4.5% HSA. It is apparent from Figure 4 that 

(35) Aime, S.; Chi;iiissii, M.; Digilio, G.; Gianolio, E.; Terreno, E. JBIC, J. 

Bin), (nnrg. Chem. 1«9, 4, 766-774. 
t36) MuUcr, R. N.: Raditchel, B.; Laurent, S.; Plalzek, J.; Pierarl, C; Mareski. 

P.; Vander Elsl, L. Eur. J. /norg. Chenr. 1999, 1949-1955. 
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bound relaxivity is site dependent and variable. As the concen- 
tration of MS-325 is decreased, the mean bound relaxivity 
increases. Tliis indicates that the high-aflinity binding site is 
also a high-relaxivity site for MS-325. Combining these data 
with the results of the e* titration, one can estimate relaxivities 
at the high-affinity site for the magnetic fields used in this study. 
These are given in Table 3; the value at 20 MHz is similar to 
that reported by MuUer et al.-"' 

MoleeuJar Factors Affecting Relaxivity. To better under- 
stand the mode of action of MS-325, the molecular factors which 
determine relaxivity were probed. As outlined in the Introduc- 
tion, relaxivity depends on (1) the number of water molecules 
coordinated in the inner-sphere, (2) the rate of water exchange, 
(3) the electronic relaxation rate of the Gd(III) ion, (4) the 
rotational diffusion time of the Gd— H vector, and (5) the so- 
called outer-sphere relaxivity wherein the Gd ion relaxes water 
molecules not directly coordinated to it. 

Hydration Number. Fluorescence lifetime experiments were 
perforaned on the Eu(lll) analogue of MS-325 in H2O and D2O 
solutions in the presence and in the absence of HSA, It is well 
established that the ratio of fluorescence decay constanls in both 
solvents is proportional to q, the hydration number of the 
complex, Hydration numbers are given in Table 4 and 
demonstrate that MS-325 has one coordinated water molecule 
either free in PBS buffer or when bound to HSA. 

Outer-Sphere Relaxivity. To estimate the extent of outer- 
sphere relaxivity, the = 0 analogue 5 (Scheme I) was 
synthesized. The synthesis of 5 commenced by coupling 

(37) (a) Horrocks. W. DoW., Jr.; Sudnick, D. R. J. Am. Chem. Sue. 1979, 101, 
334-340. (b) Supkowski, R. M.; Horrocks, W, DeVV., Jr. Innig Chem. 
1999, 38, 561(1-5619. 

(38) Beeby, A.; Ciarkson, 1. M.; Dickiiis, R. S.; Faulkner, S.; Parker, D.; Roylc, 
L.; de Sous», A. S.; Williams, J. A. G.; Woods, M. J. Chem. Sm:. Perkin 
Trans. 2 1999, 493-504. 
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LA 



NHBOC 
N-BOC-L-Serine (0Bn)-05u 



OBn O H 




(H3C)3CO,C_N^ W(CH3), ^cO,C(CH3)3 

C02C(CH3>3 




Reagents 

. ll2N(CH2)2NH(CH2)2NH2, CHjClj 

i. TFA;thenBH3-THF,THF 

ii. BrCH2C02C(CH3)3, KI. DFPEA, DMF 

V. (a) POj, 4,4-diphenyIcydohexanol, THF (b) imidazole, THF (c) 3. THF 

(d) NalO^, dil. aq. HCl (e) cone. HCl 
^. Gda3,NaOH 



Table 4. Hydration Numbers of the Eu{iil) Analogues of MS-325 
and 5 in HEPES buffer (pH 7.0) or in 4.5% HSA/HEPES Buffer 
Sdutton at 37 °C 



MS-325/HEPES 
MS-325/HSA 
5/HKPES 
5/HSA 



654.4 
1222 
1307 



2199 
2535 
1928 
1933 



- 0.30; r 



= lifetime in ms." 



N-BOC-L-scrinc(Obn)-OSu to tricthylcnctriamine. The resultant 
amide was treated with TFA, then borane— teirahydrofuran 
complex to furnish amine 2, which was alkylated with tert- 
butyl bromoaceiate, providing the alcohol hexaester 3. A 
phosphorylation sequence utilising pho.sphoroLis trichloride and 
3, followed by chelation with gadolinium chloride, yielded 5. 

Compound 5 is based on the well-studied triethylenetet- 
raaminc hexaacetafe (TTHA) ligand core, which is known to 
coordinatively saturate lanthanide(III) tons,'''^'*'' Complex 5 has 



Alpaiin. M. C: Urbana, A. M.; Geraldes, C. F, 
Sue. Dalian Trans. 1992, 463-467. 
(4(1) Chang, C. A.; Britlaiii, 11, G„ Tclsi 
1990, 29, 446K-4473. 

(41) Ruloff, R.; Gelbrifh, T,; Siclcr, 
H: Chem. Sci. 1997, W. HOi-ku-i. 

(42) Ruloff, R.; Prokop, P.; Sieler, /.; Hoycr, E.; Beyer, L. Z. Nalurfom 
Chf-m. Sc:i- 1996, -5/, 963-968, 

(43) Wany. R.-Y.; Li, J.-R.: Jill, T.-Z.: Xu, G.-X.; Zhou, Z.-Y.; Zhou, 
PoIvIkJioi, 1997, 16, 1361-1364. 



Peiers. J. A,./. Chcm. 
Tweedle, M. F. limrg Chem. 
J.; Hoyer, Beyer, L. Z Nalurforsch.. 



a slightly higher affinity for HSA than MS-325 (95% bound at 
0.1 mM 5, 4.5% HSA vs 88% for iVlS-325 under the same 
conditions). It also binds lo site 11, as evinced from fluorescent 
probe displacement studies {K.\ values given in Table 2). 
Luminescence lifetime measurements established that the Eu- 
(III) analogue of 5 has no inner-sphere wafer molecule in the 
presence or in the absence of HSA (Table 4). 

Jnner-Sphere Relaxivity. Longitudinal (ri) and transverse 
{rj) molal relaxivitics were measured for lVlS-325 and 5 over 
the 'H Larmor frequency range 4-64 MHz using 0.1 mmolal 
Gd in the presence and in the absence of 22.5% HSA. A high 
(■^34:1) pro(cin-to-drug ratio was used in order to iTia.x.imizc 
the amount of drug bound to HSA and also to maximize the 
amount of drug bound in the highest affinity site. Plots of molal 
relaxivity for MS-325 and 5 with and without HSA are shown 
in Figures 5 and 6. respectively, hi (he presence of HSA, the 
relaxivity of MS-325 increases dramatically: the curve 
increasing and then decreasing with field, typical of a slow 
rotating molecule, and the curve rising to a maximum and 
then reaching a plateau. The relaxivity of 5 also increases upon 
binding to HSA; although the effect is not as dramatic as that 
of MS-325, there is still a 2-4-fold increase depending on field. 

To ascertain the amount of relaxivity confeired to the solvent 
by the inner-sphere water molecule on MS-325, an inner-sphere 
bound relaxivity was calculated. First, ri.ib was calculated for 

; Xu, G.-X.; Zhou, Z.-Y.; Zhou, X.-G. 
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Magnetic Field (tesIa) 
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'H Frequency (MHz) 

Figure 5. Observed longitudinal (n"^\ circles) and transverse (n"^, squares) 
rclaxivily for 0.1 mmolal MS-325 in the presence (filled symbols) and in 
the abscnee (open symbols) of 22.5% (*/v) HSA al 37 "C, phosphate- 
buffered saline, pH 7.4. Solid lines arc fits lo the data as described in the 

both MS-325 and 5 since both the relaxivity free and tlie 
concentration free (from ulfrafiltration binding studies) were 
known. Since 5 is chemically very similar to MS-325 (it has 
the same donor atom set except that a carboxylato oxygen 
replaces a water oxygen, and it binds to the same site on HSA), 
il was assumed that the relaxivity of 5 bound lo HSA reflecled 
the outer-sphere contribution to relaxivity for MS-325. Thus, 
the inner-sphere bound relaxivily, rf^^,, for MS-325 is given by 
eq 9. 

^fib = ''nb '^' ~ '^ub (9) 

Once the inner-sphere bound relaxivity has been calculated, 
the n and n curves can be fit to the Solomon— Bloembcrgcn— 
Morgan equations (see SuppotUng Infonnalion) which describe 
paramagnetic relaxation."' Both transverse and longitudinal 
relaxation rate data were fit simultaneously lo a dipo)ar 
relaxation mechanism allowing for chemical exchange. In total, 
four parameters were varied: !„„ the water residency time; tr, 
the rotational correlation tiinc which describes the rotational 
diffusion of the Gd-H vector; A,-, the square of the triu;e of 
the transient zcro-field-splitting (ZFS) ten.sor, which is a measure 
of how much the electronic sttxicturc of the Gd ion is transiently 
distorted from spherical symmetry: and ly, a correlation time 
vi-hich describes the tnodulation of the transient ZFS. The latter 
two parameters define electronic relaxation, 7"i,2v In 'h"? fitting, 
the electron spin— nuclear spin distance, rod-H, was fixed at 3.1 
A. This can also be allowed to vary. Finally, al higher fields a 
scalar relaxation mechanism may contribute to l/Tj. This 
mechanism involves the Gd— H hyperftne coupling constant 
ft. Table 5 shows results for the four-, five-, and six-parameter 
fits. Introduction of additional parameters did not significantly 

(45) Berlini, 1.; Liichinal, C. Coord Cbem. Rev. 1996, ISO, 1-295. 
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'H Frequency (MHz) 
Figure 6. Observed longitudinal (ri"*", circles) and transverse (n'*^, squares) 
relaxivity for 0.1 mmolal 5 in the presence (filled symbols) and in ihc 
absence (open symbols) of 22.5% (w/v) HSA at 37 °C, phosphalc-buffcred 
saline, pH 7,4. 

Table S. Four-, Five-, and Six-Parameter Fits of the NMRD Data 
at 37 °C in PBS, 22.5% HSA, 0.1 mmolal MS-325^ 



lour-paraineler Dve-parameler six-parameief 

Tm (ns) 207(200-213) 172 (130-213) 192(144-240) 

Tv(ps) 21(18-24) 20 (17-23) 23 (19-27) 

A2(xlO'«s-2) 8.1(7.6-8,6) 7.0(5.9-8.1) 7.1(5.7-8.4) 

TR(ns) 13.3(11.6-15.1) 10.1(7.4-12.9) 9,4(6,6-12.1) 

''c.i-M(A) 3,10 (fixed) 3.19(3.10-3.29) 3.17(3.06-3.28) 

/l/h{xlO*rad/s) 0 (fixed) O(fixed) 3.1(1.2-5.1) 

"Numbers in parcmhescs represent 95% confidence range. 

improve the fits, and the original four fitted parameters are 
largely unchanged. 

Comparison with Unbound lVIS-325. To understand which 
parameters change upon binding to HSA, variable-temperature 
'H and "O relaxation measurements were carried out on MS- 
325 in the absence of HSA, Merbach and co-workers have 
established that '■'O relaxation rates for Gd complexes are 
determined solely by inner-sphere mechanisms;"^ this is not tiuc 
of 'H relaxation rates for rapidly tumbling molecules, where 
ouler-sphere conlribulions can contribute up to 50% of Ihe 
obser\ed relaxation rate.' T2 and chemical shift measurements 
ofHn'^O at high field (7.05 T in this instance) yield information 
on the water exchange rate and Tic ol" the Gd ion. The I/T2 
cunc versus temperature was parabolic, with a maximum at 
ca. 30 °C (Figure 7). On the low-temperaturc side of the 
maximum, the transverse relaxation rate is dominated by water 
exchange, and the slope at the low-temperature extreme gives 
the activation enthalpy for exchange. At higher teinpcratures, 
l;T2 is modulated by both eleclronic relaxation and exchange. 
Because only one field strength was used, the electronic 
relaxation rate was calculated at each temperature and assumed 
to have an exponential temperature dependence given by Afr,^.. 



146) Mitskei, K.; Helm, L.; Brueher, E.; Mertjach, A. E. Iiiorg. CItem. 1993, 
S2. 3844-3850. 
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Figure 7. Reduced "0 relaxation rales (l/fi, and l/Tir) and chemical shifts 
(a>i) of Ht'^O in the presence of MS-325 in phosphalc-buffcrcd saline, pH 
7.4, as function of rceiproeal Icmpcraturc. Solid lines represent the 
simultaneous fii to the daia as described in the Expcrinicmal Section. 

The hyperfinc coupling constant, between tlie electron spin 
and the "0 nttcleus was clctcrmiticd primarily through chcinical 
shift ineastirements, although the T], Ti, and chemical shift data 
weri; fit simultaneously. The Gd T] measurements on Hj'^O 
yield the rotational correlation time, provided the gadolinium - 
water oxygen distance is known and the nuclear quadrupolar 
coupling constant for H2'''0 coordinated to Gd is known. The 
distance r^d-o was set to 2.48 A, which is the value detenntned 
from the X-ray crystal structtjre of MS-32fl.'''' The nuclear 
quadrupolar coupling constant was assumed to be the same as 
that determined for [Gd(DTPA)(H20)]2- by Powell et a\.^* 

The water residency time for MS-325 is shorter than that of 
[Gd(DTPA)(H20tf- (Table 6)."'* This difference is signifi- 
cant: there is ca. a 5 K shift to lower temperature for the VT2 
maxtinum for MS-325 compared to [Gd(DTPA)(H20)]- inea- 
sured undra- identical condilions (Table S2, Supporting Intbrma- 
tion). While the water exchange rate increases upon introduclion 
of the phosphodiester functionality on the DTPA backbone, there 
appears to be no difference in the electronic relaxation rate, 
l/Jie, at 7.05 T between MS-325 and [GdpTPAXHzO)]^-. The 
water exchange rate detennined here for MS-325 is in good 
agreement with that published by Muller et al.,-"" and the water 
exchange rate for [Gd(DTPA)(H20)]^" is in good agreemeni 
with that reported by Powell et al.*** 

The rotational coiTelation time at 37 °C is about 120 ps (Table 
6). Analysis of the "O T\ data gives 115 ps, while 'H T\ and 
T2 data give 125 ps using a Gd-H distance of 3.1 A. Proton 



(47) Tyeklar, Z.; Midelfort, K.; Dunham, S.; UulTer, R,; McMurry, T,; 
Holliinder, iinpublishetf resulls. 

(48) Powell, D. II.: Ni Dhubhgliaill, O. M.; Pubanz, D.; Helm, L.; Lebedev, Y. 
S., Schlaepfer, W.; Merbach, A. E. J. Am. Oiem SiK 19%, //*, 9333- 
9346. 



Table 6. Parameters Obtained from the Simultarieous Fit of Ti. 
h. and Chemical Shift Data for Hj^O in the Presence of MS-325 
or Magnevlst and Literature Values' 





this work 


refje 


(ef35 


Magnevisl" 


r„," (ns) 


69 (20) 


83 


105 


140 * 130'' 


£29*(xlO«s-i) 


5.8 (0.6) 


5.1 


4.0 


3.1.* 3.3"^ 


&H* (kJ mol-i) 


53.7(5.6) 


51.3 


53.0 


55.7,* 51.6^ 


AS*(JK-imol-i) 


-1-65 (10) 


-1-51.3 


-1-59.0 


-1-66.* +53.0^' 


l/ri,"(xio' s-') 


5.0 (2.6) 


3.6 


17.0 


3.2' 


A£'7-„(kJmol-i) 


-7.7(14.5) 


6.4 


10.0 (fixed) 


-12,5* 


tr" (ps) 


115(10) 


U7 


NR 


44r 


A£'R(kJ mol-i) 


31.5 (3.0) 


NR 


NR 


17.3'^ 


W/h(xlO*rad/s) 


-4.46(1.2) 


-4.1 


-3.8 (fixed) 


-3.8"^ (fixed)* 


Co. 


0.23 (0.14) 


NR 


NR 


0.18' 



" Numbers in parcmhcses rcpresenl 3ct. * This work, ' Reference 48. NR 
= not reported. 



relaxivity at fields >0.5 T is determined by the rotational 
correlation time and the electron spin-nuclear spin distance, 
and these two parameters are strongly correlated; decreasing 
(increasing) rcd-H by 0.1 A decreases (increases) Tr by 25 ps. 
A Tr of 117 ps was reported for the La analogue of MS-325 
determined by -H NMR al 37 °C.^^ 

Why Binding to HSA Increases Relaxivity. The increase 
in relaxivily upon HSA binding is primarily because of a 
dramalic reduction in the rotational diffusion rate of the 
molecule. The rotational rate is decreased by almost a factor of 
100. There are two other favorable interactions. The oiiter-sphere 
relaxivity increases by a factor of 2— 4, which may be due to 
the presence of a long-lived (> 1 ns) water molecule in the 
second coordination sphere. Tlie electronic relaxation rate, \/T\^~, 
also slows down upon binding. On the other hand, the water 
exchange rate is slowed by a factor of 2-3, which limits the 
amount of relaxation enhancement observed. 

The rotational correlation time reported here (~10 ± 3 ns) 
is longer than that reported by MuIIer et al.,-"* but the NMRD 
profiles arc very similar in sliape and magnitude. These authors 
give values of 3.3 and 4.4 ns for Tu determined by 'H NMRD 
and 6—7 ns for Tk determined from -H line broadening studies. 
The rolational correlation time dcfennincd in this study is more 
in line with their -H result than their NMRD analysis. However, 
under the conditions employed in Iheir study, a considerable 
amount of MS-325 (28%) is unbound, implying that the mean 
bound relaxivity (cf. Figure 4) is lower. It is likely that these 
authors were interpreting data in a region where the distribution 
of MS-325 bound to HSA was spread over several sites. In 
addition, these authors may have underestimated the outer- 
sphere contribution as compared to what was experimentally 
observed for 5. These authors also assume that the water 
exchange rate docs not change upon binding; this will have the 
effect of shortening Tr in the fitting procedure. On the other 
hand, the higher protein concentration in this study may alter 
the niicroviscosity such that rotation within the whole system 
is slowed. Stanisz and Henkehnan^' have shown that increasing 
amounts of macromolecule can increase the relaxation enhance- 
ment of water by [Gd(DTPA)(H20)]^", although there is no 
specific interaction between the macromolecule and the metal 
complex. The ditTercnce in microviscosity may slow die 
rotational rate by as much as 50% upon increasing the protein 
content from 4 to 22.5%. 



(49) Stanisz, G. J.; Henkelinan, R. M. Magn. Re.mn. Mnl. 2000, 44, 665-667. 
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The increased outer-sphere relaxivity upon binding is likely 
because of long-hvcd {~1 ns) water moleeule(s) in close 
proximity (<5 A) to the Gd{lII) ion. This effect has been 
observed previously by others on ^ = 0 complexes.-"'^' The q 
— 0 Mn{II) analogue of MS-325 also shows an increased 
relaxivity upon HSA binding.''^ 

The slower electronic relaxation rate upon binding is an 
unexpected benefit. If the electronic relaxation parameters were 
identical to those reported for [Gd{DTPA)]-",""' (hen the n peak 
maximum in Figure 5 would occur at a higher frequency (40- 
45 MHz), and its amplitude would be lower. Apart from 
molecular symmetry, there are no predictors of electronic 
relaxation in Gd{Ill) complexes. It is unclear why the electronic 
relaxation rale of the Gd{lll) ion should change when its 
complex is associated with HSA (Gd(lII) electronic relaxation 
is not modulated by rotation). One possible explanation may 
lie in the determination of the electronic parameters. For fast 
tumbling [Gd{DTPA)]^~, relaxation at higher fields is deter- 
mined primarily by the rotational rate of the molecule; the 
electronic parameters A,- and Tv are determined from modeling 
the low-field relaxivity data to the SBM equations. However, 
at low fields the SBM equations may not be valid for this non- 
spherically-symmetric molecule. When the rotational rate is 
much slower, as is the ease here, the electronic relaxation rate 
( which decreases with the squiu'c of the magnetic field) continues 
to influence the relaxivity of the complex a( higher fields (where 
the SBM equations arc valid). In this study, Ar and t, were 
dctennined over the frequency range 4—64 MHz, while for 
[Gd(DTPA)]^", these parameters were determined in the range 
0.01-4 MHz. It may be that the electronic relaxation rate does 
not change upon HSA binding; rather, the difference in 
electronic parameters may be due to the method used to 
determine them, 

The apparent decrease in the water exchange rate is also 
somewhat surprising. This change in T,n was also noted by Aime 
et ai.,-^-'' even though these authors were working under condi- 
tions where several equivalents of MS-325 were bound to 
albumin. The mechanism of this is unclear. It is known that 
[Gd(DTPA)(H20)]-" exchanges water via a dissociative mech- 
anism,'** and as the activation parameters for MS-325 in the 
absence of protein are similar to those of [Gd(DTPA)(H20)]='-, 
it is highly likely that MS-325 also has a dissociative water 
exchange mechanism. 

The NMRD data were fit to an isotropic model. Strictly 
speaking, this is invalid. However, the data fit quite well to 
this model; a large degree of anisotropy would noticeably alter 
the shape of the dispersion profile, tn addition, the X-band EPR 
spectrum of vanadyl-labcled MS-325 in HSA is ver>' isotropic, 
suggesting that the bound Gd(III) complex here tumblet in an 
isotropic fashion.-^ One consequence of a small degree of 
anisotropy would be to lower the relaxivity. From the present 
data, it is impossible to distinguish a small degree of rotational 
anisotropy from a lengthening of the water residency time. Wliile 
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it is likely that the water exchange rate slows down upon HSA 
binding, this has not been unequivocally shown. 

Conclusion 

MS-325 functions as a contrast agent by targeting HSA in 
blood. The affinity for HSA is moderate: at typical circulating 
concentrations of 0.1 mM, 88% of die complex is iioncovalently 
bound to HSA. Binding to HSA causes a dramatic increase in 
the relaxivity of die molecule, a 9-fold increase at 20 MHz. It 
was shown that MS-32S binds preferentially to the site II region 
of HSA and that this high-affinity site is also a high-relaxivity 
site. The relaxivity increase is primarily a result of slow 
rotational diffusion of the molecule upon binding to HSA. 

Experimental Section 

Materials. Human serum albumin (HSA), produci no. A-1653 
(Fraction V Powder 96-99% albuni!!i, containing fatty acids), and I ISA 
absoibance standards, along with the fluorescent probes dansyl l- 
asparagine, dansyl sarcosine (piperidiniudi salt), and warfarin (sodium 
salt), were purchased from Sigma Chemical Co. (St. Louis, Mo.). 
Ultrafiltration units (UFC3LCC00, regenerated cellulose membrane of 
5000 Da nominal molecular weight cutoff) were obtained from 
Millipore Corp. (Bedfonl, MA). Other reagents were supplied by 
Aldi ich C licinical Co., Inc., and were used without further purification. 
Solvenis (IIPLC grade) were purchased from various commercial 
suppliers and used as received. Column chromatography was conducted 
using silica gel from EM Merck. The gadoliniiuii sodium salt of MS- 
325 was prepared by Raylo Chemicals (Alberta, Canada); this was 
formulated in-ho«se s: a concentration of 243 mM, 

Concentrations. All gadoliuium coiicenirations were dctemiined by 
ICP-MS on a PE-SCIEX Ei.AN 5000 system. 

Synthesis. Intermediates and cortipounds were characterized by NMR 
with a Varian Unity 300 NMR spectromeler. !1PLC purity analy.sis 
(both UV and MS ilelecluin) was carried out with a HP- 1 100 MSD 
system using a gradient of 20 mM ammonium formate (pH 6.S) with 
5% (9:1 ACN:20 mM ammonium formate) to 95% (9:1 ACN;20 mM 
ammoniuni formate) over 12 min (0.8 mL/min. Vydae C4, 4.6 x 250 
mm). 

(5)-{l-12-(2-Aminoethylamino)ethylcarbamoyI|-2-hydroxyethyl}- 
carbamic Acid ft'rt-Butyl Ester, i. A suitable reaction flask, equipped 
widi an addition funnel, nitrogen inlet, and temperature probe, was 
charged with di ethyl cnctri ami ne (17.6 g, 170.1 mmol, 10 equiv). To 
the flask was added a mixture consisting of N-Boc-L-scrine (OBzl)- 
OSu (6.7 g, 17.1 mmol, 1 .0 equiv) and CII2CI2 (40 niL) over a period 
of 40 miii while maintaining an internal temperature O-.i °C. The 
mixnire was allowed to stir while warming to room tcmperautre and 
.stirred for an additional 3.0 h. The reaction mixture was diluted with 
water (50 ml.) ar.ti s-irrcii tor 20 ;nin. The layers were separated, and 
the orgaaic layer was concentrated under vacuum (40-45 °C water 
bath. 10-15 tnmllg) ro provide a colorless foam (.i.9 g). The foam 
was purified by preparative 1 IPLC chromatography (ACN:water:0, 1% 
TFA. CI 8 Vydae coknnn) to provide I (2.7 g). 'H NMR (300 MHz, 
CDClj): <') 7.3 (m. 511), 7.2 (br s, 1 H), 5.5 (d, ,/ = 6,8, 1 H), 4.54-4.44 
(q. J= 11.8 11^,211), 4,2 (brs. III), 3.88-3.83 (dd, ,/ = 3.9 and 5..3 
Hz, IH), 3.58-3.53 (q, J = 6.0 Hz. IH), 3.35-3.29 (q, J = 11.5 Hz, 
2H), 2,6 (m, 4H). 2.5 (m, 2H), 1 .4 (s, 9H), 1 .3 (m, .3H). '^C NMR (75 
MHz, CDC!,): 6 169.4. 154.6, 136.6, 127.5, 126.9(2). 1 26,7 (2), 79.2, 
72,4, 69,1, 53.2, 50.9. 47.3, 40.6, 38.3. MS (m/r): M + 1 = 381. 

(fi)-2-.\inino-3-|2-(2-aininocthylamino)elhylamiuo|propan-l-ol Tet- 
rahydrochlonde Salt, 2, A suitable reaction flask was charged with 
amide I (5.9 g) and 10 mL of trifluoroacctic acid (TFA). The mixture 
was stirred for 2.0 h at room temperarure. The mixture was concentrated 
under reduced pressure to give an oil. Tlie oil was triturated with diethyl 
ether. The solid was collected and dried until a con.stant weight to give 
a sticky white foam (5.9 g). The foam was combined with McOH (50 
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mL) and Amberlite 1RA-440C (hydroxide form) resin (vvhicli was 
previously washed with HiO, HiO/MeOH (I: I), and MeOH), The slurry- 
was stirred for 1.5 h and filtered. The re&iti was washed with McOH 
(2 X 50 mL), and the combined filtrates were concentrated under 
reduced pressure to give an oil. The oil was diluted with Tl IF (50 mL) 
and concentrated under reduced pressure (this renvoved traces of 
methanol) to provide an oil (2.3 g). 

The oil (2.2 g) was transfened to a reaction flask equipped with an 
addition funnel, temperature probe, and nitrogen inlet and diluted with 
ri lF (50 mL). To the mixture was added BHj-THF (1.6 L of a 1 M 
solution in THF, 50 mL) over a period of .^0 min while maintaining an 
intemal temperature of 25-.35 °C. The mixture was heated to reflux, 
stirred for 18 h, and then cooled to 0-5 °C. A solution of 2 M IICI 
(50 mL) was added over 30 min while mainiaiiring an intemal 
temperature of 0-5 °C, followed by addition of concentrated llCl (50 
mL) over a period of 20 min while maintaining an intemal temperature 
of 0-5 °C. The mixture was warmed to room temperature and 
concentrated under reduced pressure until 50 niL of solution remained. 
The solution was retluxed at 6 h and then concentrated under reduced 
pressure until 10 mL of solution remained. The sohition was diluted 
with EiOH (10 mL) and stined at room temperature for 1.0 h. 
Additional EtOll was added until the sohition became cloudy, and the 
solution was concentrated under reduced presaire to give an oil. The 
oil was triturated with diethyl ether to give a solid. The solid was 
collected by filiration and dried until a constant weight to give a sticky 
white powder (hydroscopic, 1.8 g). '11 NMR (300 MHz, DiO): A 3.77- 
3.64 (m, 3H), 3.57-3.14 (m, 10 H). NMR (75 MHz, D.O): d 
59.1, 49.2, 47.0, 44.7, 44.0, 43.4, 35.4. MS (m/z): M + 1 = 177.15. 

ii2-(Bis-i'er/-butoxycarbonylmethylarnino)cthyl|-(2-{|2-(bis-/i'r/- 
bu tyoxycarbonyl methyl amino)-3-hydroxy propyl I -/er/- 
butoxyearbonylmethylainino)ethyl)amino|acetic Acid /<?r/-Butyl 
Ester, 3. A reaction flask equipped with a nin-ogen inlet, addition ftmnel, 
imd temperature probe was charged with 2 ( 1 .7 g, 5.3 mmol, 1.0 eqiiiv), 
Kl (0.88 g, lO.G mniol, 2.0 equiv), diisopropylethylamine (12.9 mL, 
74.2 mmol, 14.0 equiv), and DMF (40 mL). The mixture was warmed 
10 45-50 "C, and /m-butyl bromoacctatc (5.5 niL, 37.1 mmol, 7.0 
equiv) was added while maintaining an internal temperanire of 45-50 
°C. The reaction niixtui^ was stirred for 18 h and then cooled to room 
temperature. Ethyl acetate (80 mL) and water (80 mL) were added, 
and the mixture was stirred for 15 min. The layers were separated, and 
the organic layer was concentrated under reduced pressure to provide 
an oil. The oil was purified by flash column chromatography (30 g of 
silica gel, hexane/lPA). The fractions contaniinu only desired product 
were combined to provide 3 as an oil (0.3 g). 'H NMR (300 MHz, 
CDCb): 6 1.4 (br s, 54H), 2.5-2.4 (dd, J = 9.2 and 3.7 llz, IH), 
2.6-2.9 (m, lOH), 3.2-3.5 (m, 13 H), 3.6 (dd, J = 4.5 and 6,8 Hz, 
IH). MS {m/z): M + I = 861. 

(/r)-||2-(Carboxymethyl-{2-diearbo)iymethylamino-3-|(4,4-diphe- 
nylcyclohexyloxy)hydroxyphospitoryloxy|propyl}amino)ethyli-2-di- 
carboxymethylaminoethyl)aminoiacetic Acid, 4, A rcaciion flask, 
equipped with a niirogcn inlet, temperature probe, and addition funnel, 
was charged with PCblO.fil mL, 7.08 mmol, 1.0 equiv) and TllF (12 
mL). A sohition consisting of 4,4-diphenylcyclohexanol (1.78 g, 7.08 
mmol, 1 .0 equiv) in THF ( 15 mL) was added over a period of 20 min 
while maintaining an internal temperature of —6 to 0 °C. The mixmrc 
was stirred for 30 inin. A solution consisting of imidazole (2.4 g, 35.4 
mmol, 5.0 eqiiiv) in THF (15 niL) was added over a period of 15 mm 
while maintaining an internal temperature of -6 to 0 °C. The mixture 
was stirred for 30 min. A solution consisting of alcohol 3 (5.48 g, 6.4 
mmol, 0,9 equiv) in THF (12 mL) was added over a period of 30 min 
while maintaining an internal temperature of —6 to 0 "C. The mixture 
was siirrcd for 30 min. Water (12 mL) was added all at once while 
maintaining an internal temperature of -6 lo 6 °C. The mixture was 
stirred for 5 min. Heptane (36 mL), toluene (4 mL), and 5 M HCl (12 
mL) were added over 5 min while maintaining an internal temperanire 
of 6-12 X. Sodium periodate (1.2 g, 5.7 mnu>l, 0.8 equiv) was added 



over a period of 3 min while maintaining an internal temperature of 
12-15 -'C. The reaction mixture was warmed to rot>m tempcraUirc and 
stirred for 2.5 h. The layers were separated, and the organic layer was 
washed with 10% aqueous sodium thiosulfate (2 x 75 mL). 

To the above organic layer was added tetraoctylaminonium bromide 
(0.39 g, 0.708 mmol, O.l equiv), followed by concentrated llCl (1 1.51 
M, 21 mL) over a period of 22 min while maintaining an intemal 
temperanire of 22-35 °C. The mixture was stirred for 16,0 h at room 
temperanire. The layers were separated, and the organic layer was 
discarded. 

To the above aqueo\is layer was added 8 M NaOH until a pH of 6.8 
was achieved. The solution was concentrated under reduced pressure 
(50-55 °C, vacuum 85 mmHg) until a volume of 80 mL. The sohition 
was loaded onto C-18 rcversed-phiise silica gel (50 g, packed wet in 
MeOH and ihen washed with 200 mL of MeOH, 200 mL of MeOH/ 
H2O (1:1), and finally 200 mL of H2O) and eluted with water. The 
first 225 inL collected was discarded, and the next 225 niL collected 

To the above retained solution was added 6 M HCl until a pll of 
1.63 was achieved. The formed slurry was stirred for 1 h and filtered, 
The solid was washed with pH 1.67 aqueous solution and dried (48- 
50 "C, 4-6 mmllg) to a con,stant weight (18.0 h) to obiain 4 as an 
ofF-whiie solid (0.9 g). iHNMR(.300 MHz, D,0): A 7.4"7.2(m, lOH), 
4.2 (br,s. III), 3.8 (s, 211), 3.4-2.8 (m, 1311). 2.75-2,25 (m, 1 111), 
2.20-2.15 (m, 311), 1.9(brd, 2H), 1.7 (m, 2H). ''P(121 MHz, D2O/ 
phosphoric acid); d -5.5. MS (m/z): M + 1 = 839.35. 

Tetrasodium {(2-(/f)-i(4,4-D(phenylcyclohexyl)phosphonooxy- 
methyl]dlethylenetetraainin«hexaaacetato)(aquo)gadolin- 
iuni(lll)}, S. Compound 4 (38 mg, 45 uinol) was dissolved in distilled, 
deionized water (4 mL), and the pH was adjusted to 6,5 with NaOl l. 
The exact ligand 'concentration of the solution was detennined by 
photometric titration with standardized gadolinium chloride in 0,02 M 
xylenol orange (pH 4.9, acetate butter, monitor at 572 nm). There is a 
marked increase in absorbance once the endpoint has been reached. 
One cquiviilcni of GdCls-eiliO (19.3 mg, 37.5 /4mo\) was added to 
the solution of 4 and tlic pll adjusted to 6.5 by the addition of NaOll 
10 give an aqueous solution of the title compound (1 .42 mg of Gd per 
mL, 9.03 mM). Analytical HPLC showed a single peak (5,9 min with 
boih UV and MS (negative ion, m/z = 992 [M - H5O + H] ) detection. 

Preparation of 4.5% (w/v) Human Serum Albumin (HSA) and 
1V1S-32S/HSA Samples. USA was dissolved in a buffer (PBS) of 10 
niM sodium phosphate and 150 mM sodium chloride (pll 7.4). The 
protein concentration was detennined by measuring its absorbance at 
280 nm and comparing the reading to a standard curve constructed 
from the absorbance of HSA standards with 2, 4, 6, 8, and 10 g/dL, 
respectively, in PBS buffer. Once the HSA concentration was deter- 
mined, enough PBS was added to dilute the protein to 4.5 g/dL (i.e., 
4.5% w/v). 

Two 4,5'''b (w/v) USA solutions were made: one containing MS- 
325 at a concentration of 5.3 mM and one without MS-325. The 
uncertainty in HSA concenUation of these 4.5"/i> (w/v) HSA solutions 
was estimated to be ±0.045% (w/v). An HSA molecular weight of 
66 435 Da was used to convert % (w/v) to a molar concentration. 

Ultrafiltration Measurements of Binding of MS-325 to HSA. MS- 
325v'HSA samples iBnging from 0.051 10 5.3 mM MS-325 in 4.5% 
(w/v) USA were made by combining appropriate amounts of 4.5% (w/ 
v) HSA and 4.5% (w/v) HSA.'5.3 mM MS-325. 

Aliquots (400 //L) of these samples were placed in 5 kDa nltrafil- 
iration units, incubated at 37 °C for 20 min, and then centriftiged at 
35O0g for 7 niin. The filtrates from these ultrafilirationxiniis were used 
to determine the free concentration of MS-325 of each of the samples. 
Duplicate aliquots were processed for each concentration sample of 
.MS-325 in 4.5% (w/v) HSA, with the exception of ihe lowest and 
highest concentration samples, which were processed seven times. 

Drug concentrations of MS-325/HSA samples and ultratiltratcs were 
determined by measuring the Gd concentration using ICP-MS. Average 
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relative uncertainties in the iCP-MS Gd concentrations (with a 95% 
confidence level) of 2.8% and 4.3% were found for the original MS- 
325/HSA samples and ultrafiltratcs, respectively. 

Determination of Dissociation Constants for Fluorescent Probes. 
All fluorescence measurements were perfonned in a Perkin-Ehncr ITTS- 
7000+ fluorescence plate reader. The fluorescence of 2 /.M sohitions 
of each of the fluorescent probes (in PBS buffer) was measured while 
increasing the HSA concentration from 0 to 50 /(M. Binding to HSA 
caused an enhancement of fluorescence of each of the probes. Under 
the wavelengths chosen, there was no fluorescence due to unboimd 
ligand. The fluorescence background due to USA was determined by 
measuring the fluorescence of 0-50 HSA (in PBS buffer), without 
the presence of any fluorescent probe; this background was then 
subtracted from fluorescence data in the HSA titration into 2 /Mi 
fluorophore. The excitation and emission wavelengths used for the 
dansyl molecules were 360 and 465 nm, respectively (obtained using 
the standard nariow-band fluorescence filters supplied with the plate 
reiUler). Tlie exciuition and emission wavelengths used for warfarin 
were 320 and 380 nm, respectively (filters obtained from Coiion Corp., 
Franklin, MA). The 320 nm filter was rated for fluorescence, with a 
bandwidth of ±10 nm. The 380 nni filter was rated for absorbance, 
with a bandwidth of ±6 nm. 

The fluorescence data were fit using eq 10, where F represents the 

F=^[(HSA,] + [FP,] + ^r„)- 

^([HSAJ + [FP,] + K^f - 4[HSA,][FP,1 (10) 

baekground-con-ected fluorescence, [HSA], and [FP], are the total 
concentrations of HSA and the fluorescent probe, respectively, Aj is 
the dissociation constant of the fluorescent probe bound to HS.\, and 
P is the fluorescence of the fluorescent probe bound to HSA per unit 
concentration. The parameters P and A'j were obtained by fining the 
fluorescence data using cq 10 and the program KaleidaGraph (version 
3.08, Synergy Sofiware, Reading, PA). 

Determinatfon of Site-Specific Binding Dissociation Constants 
for MS-325. A solution containing [flttorcsccnt probe) ~ [H.SA} ~ 
and 400 «M MS-325 was prepared. Aliquots of diis solution were 2-fold 
diluted serially by addition of a solution which contained the same 
concentrations of fluorescent probe and MSA but no MS-325. in all, 
this produced eight samples of different concentrations of MS-325 
(differing by a factor of 2), but all containing the same concentration 
of fluorophore and HSA. The fluorescence of 100 fiL aliquats of each 
of these samples was mca,siiied in quadruplicate in 96 well plates. 
Sixteen 100 piL aliquots of the solution contalmng no MS-325 
(maximum fluorescent intensity) were al.so measured in the same 96 
well plate, along with si.tteen 100 /<L aliquots of HSA in PBS 
(minimum fluorescent intensity). These two contRils set the dynamic 
range for fluorescence cliange when MS-32S displaces a fluorescent 

The K, of MS-325 was determined in the following way. The 
fractional drop in fluorescence at a particular MS-325 concentration 
was interpreted as a fractional displacement of the bound fluorescent 
probe. Since the initial concentration of bound probe was known fixim 
its Ki, the observed fhiorcscenec could be converted to a cimceiitration 



of fluorescent probe bound to HSA, [FP]i,„i,„d. The concentration of 
bound probe is also given by eq 11, where ATii"'''' is the apparent 

IFP]bo.„d = {([ HSA],-i-[FP], + 0- 

V([HSA], + {FP], + - 4[HSA]j[FP],}/2 (II) 

/ [MS - 325], \ 

^"^-M'^ ) 

dissociation constant of the probe in the presence of MS-325 and is 
related to ATj by cq 12. K\ represents die sitc-specifie dissociation 
constant for MS-325. The [FPJbuumi measured from fluorescence was 
compared to the [FP]b„imd calculated using eqs II and 1 2. Three 
parameters were iteratively varied using the Solver function of Microsoft 
Excel 98 (Microsoft, Redmond, WA): Ki, the initial fluoreseenee 
(±15%; this represented the scatter in the initial fluorcsccnce and took 
into account any changes in sohititin composition upon adding MS- 
325), and the fluoreseenee in the absence of the probe, total displace- 
ment (±15%). The program varied these three parameters to minimize 
the sum of the squares of the residuals from measured and calculated 
[FP]i>uii,Ki. The experiment was perfonned five times with dansyl 
sarcosine, four times with dansyl-i.-asparaginc, and twice with warfarin. 

Relaxivity. Relaxivities were determined at 20 MHz (0.47 T) and 
64.5 MHz (1.5 T) using a Bruker NMS 120 Minispcc and a modified 
Varian XL -300. respectively. T) was measured with an inversion 
recovery pulse sequence, and all samples were measured at 37 "C. The 
7"i and Ti NMRD profiles (37 "C) were recorded on a custom-built 
rclaxomctcr using samration transfer and CPMO pulse sequences, 
respectively. 

'^O NMR. n;"0 chemical shifts and relaxation rates were deter- 
mined for a PBS buffer solution in the presence and in the absence of 
10 mirioial MS-325 as it function of tcinpcramrc (0-100 "C) on a 
Varian Unity 300 NMR operating at 40.6 MMz. Probe tcmperamrcs 
were determined from ethylene glycol or methanol chemical shift 
calibration curves. T\ wa.s determined by inversion recovery and 7^2 by 
a CPMG pulse sequence. 

The program Scientist (ver. 2.0, Mieromath, Salt Lake City, UT) 
was used to fit the relaxation rate data and the binding data to the 
stoichiometric model. 
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